The effects of phencyclidine (PCP) were studied on the electrogenic and chemosensitive properties of the neuromuscular junction of skeletal muscle as well as on the binding sites on the acetylcholine (AcCho) receptor and its ionic channel in the electric organ membranes of the electric ray. The directly elicited muscle twitch was markedly potentiated by prolonging the falling phase of the muscle action potential and blocking delayed rectification. The general anesthetic and hallucinogen ("angel dust") 1-(1-phencyclohexyl)piperidine hydrochloride (phencyclidine) (PCP), taken chronically or in large doses, has schizophrenomimetic and convulsant effects and causes unpredictable violent behavior (1). Although a significant number of clinical and behavioral studies have been done, its mechanism of action remains obscure. There is evidence to suggest that PCP affects the release and the recognition sites of various neurotransmitters such as 5-hydroxytryptamine, dopamine, norepinephrine, acetylcholine (AcCho), and 6-aminobutyric acid (2). PCP has also been shown to have anticholinergic action that, based on quantum mechanical considerations, was attributed at first to inhibition of nicotinic AcCho receptors (3-5). More recently, however, PCP was shown to react with sites on the ionic channel of the nicotinic AcCho receptor (6), and also to inhibit the binding of ligands to muscarinic receptor sites (4, 7, 8) .
The general anesthetic and hallucinogen ("angel dust") 1-(1-phencyclohexyl)piperidine hydrochloride (phencyclidine) (PCP), taken chronically or in large doses, has schizophrenomimetic and convulsant effects and causes unpredictable violent behavior (1) . Although a significant number of clinical and behavioral studies have been done, its mechanism of action remains obscure. There is evidence to suggest that PCP affects the release and the recognition sites of various neurotransmitters such as 5-hydroxytryptamine, dopamine, norepinephrine, acetylcholine (AcCho), and 6-aminobutyric acid (2) . PCP has also been shown to have anticholinergic action that, based on quantum mechanical considerations, was attributed at first to inhibition of nicotinic AcCho receptors (3) (4) (5) . More recently, however, PCP was shown to react with sites on the ionic channel of the nicotinic AcCho receptor (6) , and also to inhibit the binding of ligands to muscarinic receptor sites (4, 7, 8) .
The nicotinic AcCho receptor sites can be distinguished from the ionic channel sites by utilizing biophysical and biochemical techniques to evaluate the specificities and characteristics of drug and toxin interactions with these molecular entities. Drugs that interact with the AcCho receptor sites do so in a voltageindependent manner and inhibit binding of AcCho and a-bungarotoxin (a-BGT) to the receptor. On the other hand, drugs that react with the ionic channel-e.g., histrionicotoxin or perhydrohistrionicotoxin (H12-HTX) (9, 10), amantadine (11) , and several local anesthetics (12-15)-do so in a voltagedependent manner, thereby affecting the time course of the endplate current (EPC), changing the linearity of the current-voltage relationship, and competing with [3H]H12-HTX for binding to these sites (16, 17) .
The present investigation was initiated to identify the reactive sites for PCP at the nicotinic synapses of skeletal muscle. In addition, a preliminary analysis was made of the effect of PCP on the electrogenic membranes of muscle and squid giant axon. Further, biochemical methods were utilized to study the effect of PCP on binding of [3H]AcCho and [125I]a-BGT to the AcCho receptor sites and of [3H]H12-HTX to the ionic channel sites located on the electric organ of the electric ray. Our results demonstrate that PCP blocks K+ conductance in skeletal muscle and reacts with ionic channels of the nicotinic AcCho receptor.
MATERIALS AND METHODS
Electrophysiological techniques. All experiments were performed at room temperature (20-220C) on sciatic sartorius muscle preparations of the frog, Rana pipiens, except for extrajunctional AcCho sensitivity measurements, which were made on 10-to 15-day denervated rat soleus muscles. The physiological solutions used were (mM): NaCl, 115.5/KCI, 2.0/CaCI2, 1.8/Na2HPO4, 1.3/NaH2PO4, 0.7 (in the case of frog muscle) and NaCl, 135.0/KCI, 5.0/CaCl2, 0.2/MgCI2, 1.0/NaHCO3, 15.0/NaH2PO4, 1.0/glucose, 11.0 (in the case of rat muscle). The bath surrounding the frog muscle was aerated with 100% 02 and had a pH of 6.9-7.1, whereas the solution surrounding the rat muscle was aerated with 95% 02/5% CO2 and had a pH of 7.1-7.3 (18) . For twitch tension studies, the nerve was stimulated with supramaximal pulses having a duration varying from 0.05 to 0.1 msec via a Ag/AgCl salt bridge electrode connected to a wet electrode (18) . For the studies of delayed rectification, the sodium conductance was blocked with tetrodotoxin (1 ,uM When PCP was added to frog sartorius muscle, the directly elicited muscle twitch was potentiated within seconds, and the indirectly elicited muscle twitch was blocked (Fig. 1) . At 10-100 MM PCP, the directly elicited muscle twich was significantly potentiated (Fig. 2) . As the concentration of PCP was raised above 40 ,gM, potentiation of the directly evoked twitch leveled off and remained potentiated for periods as long as 4 hr but recovered after washing for only 2 hr (Fig. 2) (5 ,ug/ml), AcCho sensitivity was blocked within 15 Effect of PCP on EPC. PCP (3-100 MM) caused a significant decrease in the peak amplitude of the EPC and a marked nonlinearity in the current-voltage relationship with the appearance of looping at hyperpolarizing membrane potentials (Fig. 4) . In addition to this voltage-dependent effect, PCP has a time-dependent effect on the EPC. When the conditioning pulse was decreased from 3 sec to 20 msec (for technique, see ref. 15 ), the peak amplitude of the EPC, though depressed by the agent, remained linear (unpublished results). The minimum effective concentration for altering the peak amplitude of the EPC was 3 MM. At PCP concentrations of 100 MM, the peak amplitude of the EPC was depressed even at positive membrane potentials. PCP did not affect the equilibrium potential (reversal potential) of the EPC, which was 1.24 + 0.06 mV in the absence and 0.96 + 0.03 mV in the presence of 60 MM PCP. These actions of PCP were slowly and partially reversed by continuous washing of the muscles with normal Ringer's solution for 2 hr.
The rise time and time constant of decay of the EPC (TEPC) were decreased by treatment with PCP for 30 min. The rise time in control muscles held at -90 mV was 0.76 ± 0.04 msec but was decreased to 0.58 i 0.03 and 0.54 i 0.08 msec by 10 and 100MM PCP, respectively. The TEPC at -150 mV was accelerated from 3.20 msec under control conditions to 1.78 and 1.08 msec by 10 MM and 30 MM PCP, respectively; but the decay phase remained a single exponential function (Fig. 5) . The shortening of the decay phase and depression of the peak (Figs. 1  and 2 ) that cannot be ascribed to a weak inhibition of AcCho esterase. Instead, it is related to a marked prolongation of the muscle action potential (Fig. 3) due to partial inhibition of Na+ inactivation and partial blockage of K+ conductances. Prolongation of the action potential would increase the presynaptic release of AcCho as well as other transmitters from neurons at both peripheral and central synapses. These actions of PCP on the muscle twitch and action potential are qualitatively similar to actions observed with histrionicotoxin and tetraethylammonium (18) . In fact, voltage clamp technique with the squid giant axon disclosed an effect of PCP on the potassium channel similar to that of tetraethylammonium ion (22) .
Strong inhibition of postsynaptic events by PCP is evident from the inhibition of AcCho sensitivity and EPC peak amplitude (Fig. 4) . These effects are not due to interaction of PCP with AcCho receptor sites, because PCP does not protect against the quasi-irreversible inhibition by a-BGT of both the indirectly elicited muscle twitch and the extrajunctional AcCho sensitivity.
In addition, PCP at concentrations up to 0.1 mM inhibits neither the binding of [3H]AcCho nor of [125I]a-BGT to sites on the AcCho receptor of Torpedo electric organ (Fig. 6) . Similar results were reported recently with unlabeled (23) and tritiated PCP (24) . The marked nonlinearity of the current-voltage relationship (Fig. 4) , the acceleration of the TEPC (Fig. 5) , the shortening of the mean lifetime of the single ionic channel, and the competition with the [3H]H12-HTX binding sites (Fig. 6 ) strongly suggest a direct action of PCP on the ionic channel of the AcCho receptor. These effects are qualitatively similar to those seen with other agents that interact with the ionic channel, such as atropine and scopolamine (25) , histrionicotoxin and its analogs (10, 16, 17, 25, 26) , amantadine (11) , and tetraethylammonium ion (16, 19) .
The endplate channel is believed to exist in one of the two conformations-i.e., open or closed (16, (27) (28) (29) . Because PCP and histrionicotoxin bind to the ionic channel in the absence of AcCho, and their actions are enhanced by receptor activation (10, 16, 18, 30) , it is possible that the voltage-dependent depression of the EPC peak amplitude caused by the PCP could result from a reaction of the agent with the ionic channel in the closed and open conformations. In the present experiments there is a dissociation of the effects of PCP on the EPC time course and amplitude-i.e., at the same concentration, PCP decreased the EPC peak amplitude significantly more than it decreased the TEPC-Such is not the case with atropine and scopolamine, which affect EPC amplitude and time course to the same extent at equivalent concentrations (24) . This discrepancy suggests the existence of two sites of PCP action on the ionic channel, which may correspond to the open and closed channel conformations.
In summary, our biophysical and biochemical data suggest that PCP blocks the potassium conductance of the electrogenic membrane and also blocks the ionic channel of the AcCho receptor in closed and open conformations.
